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Abstract 
The purpose of this experiment was to improve the Fused Deposition Modeling Process by 
examining the tensile strength of samples fabricated in a Stratasys FDM 1650 Machine utilizing 
the methods of Design of Experiments.  A two-level, four-factor, full factorial experiment was 
conducted.  The selected factors were temperature, air gap, slice thickness, and raster orientation.  
A regression equation determined the level each factor should be set in order to optimize the 
FDM machine settings.  It was found that single factors  - small air gap, small layer thickness 
and low raster orientation, as well as the interaction between high temperature and small layer 
thickness yielded the greatest effect the response. 
1. Introduction 
Fused deposition modeling (FDM) is a process that is used for fabricating solid 
prototypes from a computer-aided design (CAD) data file [1].  The process fabricates 3-D parts 
from a build-up of 2-D layers.  In this process, an Acrylonitrile-Butadiene-Styrene (ABS) 
thermoplastic polymer is extruded through a heated nozzle to deposit the layers.  In a previous 
paper, we showed that the orientation of the layers created anisotropic tensile properties [2].  
Other investigators have also experienced similar results [3].   
Previous investigators have used design of experiments (DOE) as a method to maximize 
strengths of the FDM-processed specimens of silicon nitride [4] and ABS polymer [3].  Many of 
the factors used for influencing the strength were entirely different in these studies.  These 
investigators have not physically interpreted their selected factor levels in terms of the material 
properties and microstructure. 
The purpose of this paper is to use quality engineering tools to design, analyze and 
physically interpret our selection of the FDM processing factors and their levels. 
2. Experimental Methods 
The 12-step design process was used for our experimental [5].  First, the problem of 
concern was the low strength of FDM-processed ABS test specimens; second, our objective was 
to maximize the tensile strength; third, the yield and ultimate strengths were selected as the 
quality characteristics, i.e., the response; fourth, the factors were determined by team 
brainstorming and were recorded on a cause-effect diagram [6]; fifth, four factors and no-noise 
factors were selected for our study; and sixth, a two-level experiment was selected.   
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4. Analysis of Data 
              Based on the results in Table 2, the column effects for factors A, B, C, D and their 
interactions were determined for both yield and ultimate strengths.  The analysis of the effects on 
the response was plotted in Figs. 1 and 2.  The ~95% (±2σ) confidence interval for the standard 
error of the effects [8] of each factor was calculated to be ±0.73 MPa.  When the response lies 
outside this interval, the effect is significant; and the converse is true when the effects are inside 
the interval.   
In Fig. 1, factors B (air gap), C (layer thickness), D (raster orientation), and interaction 
AC lay outside the 95% confidence interval 12.13 ± 0.73 MPa, which indicates only these factors 
and interaction have significant effect on yield strength. Fig. 2 shows the detailed analysis of the 
AC interaction. The conclusion from these figures is that to maximize the yield strength, the low-
level of factors B, C and D, and the interaction of high-level A and low-level C should be 
selected. 
Trial A B C D
Y yield
(MPa)
Y ultimate
(MPa) 
1 268˚C -0.0254 mm 0.254 mm 0˚/45˚ 15.70 16.31 
2 268˚C -0.0254 mm 0.254 mm 90˚/45˚ 12.62 13.64 
3 268˚C -0.0254 mm 0.356 mm 0˚/45˚ 11.99 12.86 
4 268˚C -0.0254 mm 0.356 mm 90˚/45˚ 9.06 10.36 
5 268˚C 0 mm 0.254 mm 0˚/45˚ 12.97 13.38 
6 268˚C 0 mm 0.254 mm 90˚/45˚ 12.98 13.81 
7 268˚C 0 mm 0.356 mm 0˚/45˚ 11.91 12.83 
8 268˚C 0 mm 0.356 mm 90˚/45˚ 7.67 8.77 
9 277˚C -0.0254 mm 0.254 mm 0˚/45˚ 17.56 17.77 
10 277˚C -0.0254 mm 0.254 mm 90˚/45˚ 18.70 19.00 
11 277˚C -0.0254 mm 0.356 mm 0˚/45˚ 10.31 11.39 
12 277˚C -0.0254 mm 0.356 mm 90˚/45˚ 9.17 10.35 
13 277˚C 0 mm 0.254 mm 0˚/45˚ 13.70 13.90 
14 277˚C 0 mm 0.254 mm 90˚/45˚ 12.53 13.64 
15 277˚C 0 mm 0.356 mm 0˚/45˚ 10.60 11.36 
16 277˚C 0 mm 0.356 mm 90˚/45˚ 6.67 8.83 
Table 2.  L16 (2
4
) Experimental Design Report 
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Fig. 1.  Yield Strength Response  (MPa) vs. Effects of Factors/Levels 
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        Fig. 2.  Interaction between Temperature (A) and Layer Thickness (C) on Yield Strength 
In Fig. 3, only factors B (air gap) and C (layer thickness) lay outside the 95% confidence 
interval 13.01 ± 0.73 MPa. Therefore, these are the only factors that have significant effects on 
ultimate strength. In order to achieve maximum ultimate strength, the low-level of factors B and 
C should be selected. 
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Fig. 3.  Ultimate Strength Response (MPa) vs. Effects of Factors/Levels 
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In order to verify the above results, a regression equation was used to predict different 
factor levels and two-factor interactions that maximized the strength response, ǔ [9]: 
ǔ  = βo  +  Σi βi xi  + ΣiΣj βij xI*x j = βo  +  βB xB  + βC xC + βD xD  + βAC xA+1*xc-1 (1) 
Here xi represents factors B, C and D which take on ±1 values for the low/high levels that 
will maximize tensile strength.  Also, xi*xj represents the interaction of A+1*C-1 that takes on ±1 
values.  The values of the β coefficients are shown in Table 3. Coefficient βo represents the 
intercept (or mean value of Y). Coefficients βi are the slope of multiple regression for factors B, 
C and D.  βAC represents the coefficient that is associated with the A*C interaction.  Here the 
coefficients are one-half the effects of each factor and interaction in Figs. 1 and 3.  The values of 
the coefficients are shown in Table 3.
Coefficients Tensile Strength  
(MPa) 
 β0 βΒ βC βD βAC 
Yield 12.13 -1.01 -2.46 -0.96 -0.76 
Ultimate 13.01 -0.95 -2.17 -- -- 
Table 3.  Calculated Coefficients for B, C, D Factors and Interaction AC in Eq. (1). 
Eq. (1) verifies that for maximum yield strength, factor levels should be B-1, C-1, D-1, and 
A+1C-1. For maximum ultimate strength, the factor levels should also be B-1 and C-1.
When the interaction effects are moderate (see Fig. 2), errors can result in selecting the 
factor levels if the interactions are not taken into account.  For example, in previous work [4], all 
of the columns in their 3-level experimental design were filled with main factors.  This created a 
lower resolution experimental design, where the interactions and their aliases could not be 
analyzed.  In this case, Eq. (1) would become an additive response of main factors, where  
ΣiΣj βij xi*xj   =  0.  When our interactions were analyzed, A+1C-1 was preferred over A-1C-1.
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5.      Physical Interpretation 
The selected process factor levels must physically make sense from the point of view of 
the structural properties and microstructure of ABS polymer.  The yield strength was correlated 
with stretching the polymer chains and viscoelastic flow of ABS, and the ultimate strength was 
correlated with fracture initiation through the ABS structure [7].  Once a critical crack length was 
initiated, it propagated either at 45° or 90° to the tensile axis depending upon the raster 
orientation.
The FDM machine deposited the raster patterns at 0°/45° and 90°/45° oriented composite 
structures. The weak interfacial bonding between the oriented fibers can be caused by (1) weak 
interlaminar shear properties of the fibers, (2) the volume change during the ABS transformation 
from liquid to solid, or (3) formation of pores during FDM processing [2]. 
Factor B – Air Gap:  When the air gap was set at a negative value, the adjacent fibers 
overlapped each other. This increased the bonding between the fibers and created a tighter 
structure, as the porosity between the fibers was reduced. The lower porosity composite is 
expected to translate into a higher tensile strength. Hence, it is reasonable that a lower air gap 
setting (B-1) would maximize the composite strength.  
 Factor C – Layer Thickness:  When the layer thickness was reduced, the fiber diameter 
was reduced, and the fiber shape became more oval as shown in Fig. 5. Also, the 0
o
 fibers (light 
phase) overlapped each other to a greater extent when the layer thickness was low. The lower 
layer thickness reduced the porosity and increased the volume fraction of fibers (to a smaller 
extent), which strengthened the overall composite structure. This adequately explains why a low 
layer thickness (C-1) is selected for increasing the tensile strength. 
Factor D – Raster Orientation:  When the two raster orientations were compared, the 
difference between them was in the 0
o
 and 90
o
 oriented fibers since the 45
o
 layers acted similarly 
in both cases.  Fibers oriented parallel to the tensile axis would exhibit maximum strength, while 
those oriented perpendicular to it would have their weakest strength. This is shown in Fig. 4
where the 90
o
/45
o
 structure fibers perpendicular to the tensile axis. However, the 0
o
/45
o
structure 
was strong along the 0
o
axis, and fracture was along the weaker 45
o
fiber interfaces, where the 
interlaminar sheer stress was high. Therefore, 0
o
/45
o
structures are expected to have a higher 
tensile strength than 90
o
/45
o
structures. It is logical to select D-1 factor level for maximizing the 
tensile stress.  
                Fig. 4.  Fracture of Tensile Specimens 
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AC Interaction: The high temperature allowed a longer time for viscous flow of the ABS 
material to fill the open porosity. It also contributed to a greater degree of bonding between the 
fibers. Hence, it would be expected that the higher temperature (A+1) would increase the tensile 
strength. As previously explained, the low layer thickness (C-1) setting was preferred for 
increasing the tensile strength. Therefore, it is not surprising that the high temperature and low 
layer thickness (A+1C-1) would interact to maximize the tensile strength.  
Fig. 5.  Trial 9 (Left) and Trial 11 (Right) 
Trial 9:  Fracture surface of 0
o
/45
o
 composite at low layer thickness. 
Trial 11:  Fracture surface of 0
o
/45
o
 composite at high layer thickness. 
6.    Conclusions 
Using an L16 (2
4
) full factorial experimental design, the following conclusions 
resulted from our work: 
1. The yield strength is maximized by low air gap, low layer thickness, low raster 
orientation and the interaction between high mold temperature and low layer 
thickness. 
2. The ultimate strength is maximized by low air gap and low layer thickness. 
3. The effects of the factor levels on tensile strength were explained in terms of their 
microstructure and processing.  
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